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ENERGY DISPERSIVE X-RAY FLUORESCENCE ANALYSIS
USING X-RAY TUBE EXCITATION

Joseph M. Jaklevic and Robert D. Giauque
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

1. Introduction

The term 'x-ray fluorescence analysis' (XRF) refers.to the mea-
surement of characteristic fluorescent emissions resulting from the
de-excitation of inner shell vacancies which have been produced in the
sample by means of a suitable source of radiation. Numerous variants
of the basic process have been studied which differ in the type and
source of jonizing radiation and in the method employed to measure the
fluorescent emission.(1,2,3) For routine XRF analysis, two major
apﬁroaches are distinguishable based on the type of detector used to
measure the characteristics of the emission spectra. Wavelength dis-
persive (WD) analysis depends upon the use of a diffracting crystal to
determine the characteristic wavelength of the emitted x-rays and is
described in a previous chapter. Energy dispersive x-ray fluorescence
$na1ysis (EDXRF) employs detectors which directly measure the total
energy of the x-rays by collecting the ijonization produced in a suit-
able detecting medium.

Early approaches to EDXRF used gas proportional counters or scin-

tillation detectors to determine the energy of the x-rays but were
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limited in application because of the inherently poor energy resolu-
tion which precluded the separation of characteristic x-rays of adja-
cent elements in the periodic table. In the early 1970's the technol-
ogy of solid state semiconductor diode detectors and associated pulse
processing circuits was developed to the point where practical x-ray
spectroscopy with an energy resolution of 200 eV or less became possi-
ble.(4,5,6) Although the energy resolution capabilities of semicon-
ductor detectors remained inferior to that achieved by wavelength
dispersive systems, the increased efficiency inherent 1in the energy
dispersive method compensated in many analytical applications and
permitted the use of a multiplicity of experimental geometries not
practical with WDXRF. A wide variety of EDXRF analytical systems
based on radioisotope sources, x-ray tubes, charged particle acceler-
ators, microprobe electron beams, and synchrotron 1ight sources have
been developed in recent years and are the subject of this and suc-
ceeding chapters.

The introductory material in the present chapter discusses the
jnstrumental aspects of the energy dispersive method with particular
emphasis on.the use of semiconductor spectrometers as the detecting
element. Most of this material will be applicable to the discussion;
of related energy dispersive methods in later chapters. In addition,
a detailed discussion of EDXRF analysis using laboratory x-ray tubes
will be presented including applications. For a more complete discus-
sion of the instrumental aspects of semiconductor detectors and assoc-
jated electronics, the reader is referred to any one of a number of

reviews on the topic.(7,8,9)
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I1I. Semiconductor Detectors for X-Ray Spectrometry

Figure 1 1illustrates the basic components involved in an EDXRF
measurement. The excitation radiation consists of a suitable flux of
ionizing radiation, i.e., photons, electrons, or heavy charged parti-
cles provided from one of many sources such as a radioisotope, x-ray
tube, nuclear particle accelerator, or relativistic synchrotron beam.
For x-ray fluorescence, the energy of the iJonizing radiation must be
sufficient to efficiently induce inner-shell vacancies in the atoms
within the sample. For x-ray excitation, the incident energy must be
above the binding energy of the ejected photoelectron. For electrons-
or heavy charged particles, the energy of the incident particle must
be adequate to transfer the energy and momentum required to eject the
atomic electrons from the bound state. This is typically 10 to
100 keV for electrons and several MeV for protons or heavier charged
particles.

The sample is placed in the excitation flux and the fluorescent
x-rays resulting from the de-excitation of 1inner shell vacancies are
detected by the energy dispersive semiconductor spectrometer. In this
type of detector, the total ionization produced by each x-ray striking
the detector is converted to a voltage signal with amplitude propor-
tional to the incident energy. Specially designed processing elec-
tronics are employed to maintain linearity of the voltage signal with
respect to the original charge pulse. A multichannel analyzer accum-
ulates an energy spectrum of the sequential events in a histogram
memory. Since the energy analysis does not depend in any way upon the

diffraction or focusing of the x-rays, the geometry of the system is
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relatively insensitive to the placement of the detector with respect
to the sample. This provides for a large solid angle and associated
detection efficiency. Also, the mechanism by which the jonization
signal is measured is not restricted to a narrow energy region thus
allowing the simultaneous detection of x-rays over a wide dynamic
range of the emission spectrum. The principal advantages of EDXRF
derive from the capability for simultaneous detection of characteris-
tic x-rays from multiple elements with high geometric efficiency.

A. Detector Fabrication

The energy dispersive detecting element is based on the simple
semiconductor diode structure shown in Fig. 2. The example shown is a
structure typical for Si(Li) detectors; however, the basic elements
are similar for HPGe detectors. The device is fabricated on a cylin-
drical wafer of high quality semiconductor material with rectifying
p+ or nt contacts on opposing surfaces. The bulk of the material
is characterized by a very low concentration of free cﬁarge carriers.,
This reduced free carrier concentration is achieved either with the
use of extremely pure material in the case of high purity germanium
detectors, HPGe, or through the charge compensation of p-type silicon
with lithium donor atoms in the case of lithium-drifted detectors,
such as Si(Li). A typical dimension for such a diode is 1 - 2 cm in
diameter with a total thickness of 3 - 5 mm for the case of Si(Li) and
5 - 10 mm for Ge devices.

In the geometry shown, the lithium-diffused region acts as an n’

contact; the metal surface barrier (typically a Au evaporation) serves

as the p+ rectifying contact. When the diode is reverse biased, any
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remaining free carriers are swept out of the bulk by the applied field
and an active depletion region 1is created. In this condition, the
only current which flows between electrodes on the respective contacts
is due to thermally generated charge carriers which are excited above
the narrow band-gap of the semiconducting material.

When a x-ray photon is incident upon the active volume or deple-
tion region of the diode, it will normally interact by photoelectric
absorption to create an inner shell vacancy in the semiconductor
material together with an energetic photoelectron. This photoelectron
interacts with the atoms 1in the semiconductor crystal lattice to
produce multiple low-energy ionization events. This process continues
until the electron comes to rest at the end of a total range which is
short compared with the dimensions of the crystal. The energy associ-
ated with the inner shell vacancy is likewise absorbed in the crystal
in most cases following the emission of Auger electrons or multiple
low energy x-rays and subsequent reabsorption. The result of these
multiple ionization processes is the production of a large number of
free electron-hole pairs in the sensitive volume of the diode struc-
ture. These free charge carriers are then collected by the applied
field as a current pulse. The number of these carriers is directly
proportional to the energy of the x-ray quantum incident on the
detector.

The types of energy dispersive semiconductor x-ray spectrometers
différ primarily in the properties of the material used to make the
device. Although the most common materials for semiconductor detec-

tors are silicon or germanium, devices based on the use of compound
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semiconductors have also been fabricated and tested for specific
applications.(10,11) Table 1 is a list of commonly used semiconductor
materials together with values of parameters important for x-ray
detector applications. In the following sections, the details of
detector operation will be discussed with particular emphasis on those
aspects which impact EDXRF most directly. These include the detector
energy resolution, detection efficiency, spectral response, and system
throughput.

B. Energy Resolution

The energy resolution of the semiconductor spectrometer system
determines the ability of a given system to resolve characteristic
x-rays from multiple-element samples and is normally defined as the
full width at half maximum (FWHM) of the pulse height distribution
measured for a monoenergetic x-ray at a particular energy. A conven-
ient choice of x-ray energy at which resolution is quoted is the Mn
K-alpha line at 5.932 keV since this emission is readily available

55Fe radioisotope sources. These x-rays are of sufficiently

from
Tow energy that the contribution to the 1linewidth from the K-alpha
doublet structure and the intrinsic radiation width of the emission
1ines can be neglected. This is not true for higher energy character-
istic x-rays where the width of the emission line must be considered,
particularly when precision spectral deconvolution 1is attempted.
Figure 3 shows a typical pulse height spectrum of Mn x-rays taken
simultaneously with a calibrated pulser 1input. The purpose of the

pulser measurement is to monitor the resolution of the electronic

system independent of any peak broadening due to the detector itself.
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Typical state-of-the-art Si(Li) or HPGe detectors achieve FWHM of
175 eV at 5.9 keV although values as low as 160 eV have been reported.
However, this number is but one indicator of the quality of an EDXRF
detector system and other factors such as maximum count rate capabil-
ity or the presence of background artifacts may be more important in
many analytical applications.

If one neglects the intrinsic emission width of the x-ray lines,
the instrumental energy resolution of a semiconductor detector x-ray
spectrometer is a function of two independent factors. One is deter-
mined by the properties of the detector itself; the other is dependent
upon the details of the electronic pulse processing employed. The FWHM

of the x-ray 1line (AE ) is described as the convolution of a

total _
contribution due solely to detector processes (AEdet) together

with a component associated with limitations in the electronic pulse

):

processing (AEelec

(At 2

2 2 .
total) = (8E4eq) elec) (1)
The detector contribution to the resolution (AE

+ (AL
det) is determined
by the statistics of the‘free charge production process occurring in
the depleted volume of the diode. The average number of electron hole
pairs produced by an incident photon can be calculated as the total
photon energy divided by the mean energy required to produce a single
electron hole pair. If the fluctuation in this average was governed

. by Poisson statistics, then the variance would be the square root of

that number. In semiconductor devices, the details of the energy loss
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process are such that the individual events are not strictly indepen-
dent and a departure from Poisson behavior is observed. This depar-
ture is taken into account by the addition of a Fano factor in the
expression for the detectof contribution to the FWHM.

(AEdet)Z = (2.35)2 EeF A | (2)
where ¢ is the average energy required to produce a free electron-
hole pair, E is the energy of the photon, and F is the Fano factor.
E/e is the total number of electron-hole pairs; the factor 2.35
converts the root mean square deviation to FWHM.

Examination of the values of ¢ and F listed in Table 1 shows
that for an equivalent energy, the detector contribution to the reso-
lution is 28% less for the case of Ge compared to Sf. This could be
an important consideration in the choice of detectors for certain
experiments although this advantage of Ge over Si is mitigated in many
applications because of the predominance of electronic noise at lower
x-ray energies.

The contribution to resolution associated with electronic noise

(AE ) 1is the result of random fluctuations 1in thermally-gener-

elec
ated leakage currents within the detector itself and in the early
stages of the amplifier components. Although these processes are
intrinsic to the overall measurement process, there are methods for
limiting the 1impact on the final system resolution. Figure 4 is a
schematic diagram of a typical pulse processing system employed in a
semiconductor detector x-ray spectrometer. The pulse processing can

be divided between the charge integration, which takes place in the

preamplifier, and the voltage amplification and pulse shaping, which
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occur in the main amplifier. In order to achieve the noise perfor-
mance necessary for x-ray fluorescence applications, the contribution
of thermally-generated charge to the electronic noise is reduced by
cooling the detector and the first stage of the preamplifier to cryo-
genic témperatures. This is normally performed using a liquid nitro-
gen reservoir in contact with a cold finger on which the detector and
associated components are mounted. It has recently been demonstrated
that noise performance adequate for.many applications can likewise be
achieved using thermoelectric coolers.(12,13)

The function of the charge-sensitive preamplifier and subsequent
amplification stages is to convert the integrated charge pulse produc-
‘ed by the collection of the photoelectrically-induced ionization to a
voltage pulse which can be measured and stored in the multichannel
pulse height analyzer (MCA). However, the pulse processing must also
achieve a very important goal of amplifying this weak charge signal to
a measurable level while suppressing random fluctuations in the signal
amplitude produced by thermal noise. This is achieved by generating a
carefully defined pulse shape in the main amplifier which restricts
the Fourier frequency components in the final signal in such a way
that the signal contributions are emphasized relative to the noise
fluctuations. The most common pulse shapers employed in modern semi-
conductor spectrometers generate output pulses which are gaussian,
triangular or cusp shaped.(14,15,16) Each is capable of achieving
adequate energy resolution for EDXRF analysis; the differences are due
mainly to the effective time interval required to process a pulse.

Since the relative amplitude of the noise contribution is a strong
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function of the characteristic time constant associated with the pulse
shaper, the difference between the types of shapers becomes important
for applications in which high counting rates are important. For a
careful evaluation of the differences associated with the wvarious
pulse shaping options, the reader is referred to (17).

The frequency distribution of the noise components in a typical
x-ray spectrometer is illustrated in Fig. 5 in which the square of the
deviation in the average number of thermally-generated ion pairs is
plotted as a function of the characteristic peaking time of a simple
pulse shaper. To calculate the noise in units of eV, the equivalent
noise in electrons must be mu]tip]ied by the energy per ion pair given
in Table 1. The solid lines show the contributions arising from two
independent processes in the detector and in the first stage amplifi-
cation elements. The dashed line is the sum of the two. The plots
demonstrate that in general there exists a shaping time constant at
which the contribution of electronic noise to the total resolution is
a minimum. However, as will be pointed out later in the section on
throughput, it is not always desirable to operate at this minimum
noise shaping time since an unacceptably large dead time may result.
Although modern commercial x-ray‘ spectrometers are designed with a
suitable compromise between energy resolution and count rate capabili-
ties, an understanding of these tradeoffs on the part of the experi-
menter is important for optimum usage of the instrument.

'Figure 6 summarizes the results of the energy resolution discus-
sion by presenting plots of Eq. 1 as a function of energy for realis-

tic detector types. Data for both Si and Ge have been calculated
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based on parameters given in Table 1. It is clear from the plots that
the energy resolution at low energies is influenced primarily by the
electronic noise, whereas for energies above 10 keV, the detector
properties dominate. Also, for this optimistic choice of detector
properties, the Ge devices exhibit significantly better energy resolu-
tion due to the favorable average energy loss per ion pair and smaller
Fano factor. Although energy resolution is one of the determining
factors in one's ability to perform x-ray fluorescence analysis, it
should be emphasized that there are other properties such as spectral
background and counting rate capabilities that are equally critical
when evaluating a given system for analytical applications.

C. Detector Efficiency

One of the more important advantages of semiconductor spectrome-
ters 1is the absolute efficiency with which fluorescent x-rays are
detected and their energies are measured. This is the result of the
intrinsically high photoelectric absorption efficiencies for semi-
conductor materials in the x-ray energy range and from the large solid
angles which are possible 1n-typica1 fluorescence geometries. 1If one
assumes a point source of x-rays and neglects edge effects around the
detector periphery, then the total efficiency (e) of a given geo-
metry can be expressed as the product of the solid angle of the detec-
tor with respect to the sample and the intrinsic efficiency of the

diode itself.

€ = s;;::(E) ' (3)
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where é is the total solid angle and (e¢) is the energy-dependent
intrinsic efficiency of the detector. The solid angle is determined
by the area of the detector and the sample-to-detector distance and
varies with the design of the system. Typical areas are are 30 -
80 cm2 for Si(Li) detectors and 80 - 320 cm2 for HPGe detectors.
Although the additional solid angle is advantageous for many applica-
tions, one must realize that the added capacitance associated with
this area results in an increased contribution in the electronic noise
of the system.

The intrinsic efficiency of the semiconductor device can be
approximated by a simple model in which the probability of detecting
an x-ray incident on the detector is assumed to be the probability of
photoelectric absorption within the sensitive volume. This can be
expressed as:

c(E) = e M1 - ¢

) (4)
where t is the thickness of any absorptive layers between the sample
and the detector, u = u(E) 1is the mass absorption coefficient of
the material, d 1is the detector thickness, and o = o(E) 1is the
photoelectric mass absorption coefficient for the detector material.
Figure 7 shows plots of Eq. 4 for the case of a 3 mm thick Si(Li) and
a 5 mm HPGe detector. The poor efficiency at low energies is assumed
to be determined by the combfned absorption of the 25 um Be cryostat
window and a nominal 2 cm air path between sample and detector. The
energies of the characteristic K emission lines for several elements

are also shown. The plots show the near unity intrinsic efficiencies

for both detectors over a wide range of useful x-ray energies. The Ge
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detector operates at much higher energies than Si due to higher atomic
number and subsequent increase in photoelectric cross section.

This simple model gives a semi-quantitative picture of the effi-
ciency behavior of semiconductor spectrometers. However, there are
several other factors which must be considered for quantitative cali-
bration of a fluorescence spectrometer. The concept of a thin entry
window which either absorbs or iransmits an incident x-ray does not
describe cases where the secondary electrons, either photoelectric or
Auger, are emitted into the active volume from the window layer.
Similarly, detailed studies of the low energy efficiency have indicat-
ed the presence of an absorbing layer on the surface of both Si and Ge
devices which is associated with the surface layer of the semiconduc-
tor material itself. Detailed experiments have indicated that the
charge collection efficiency for events near the surface depends in a
complex way onn low energy x-ray and charge transport properties.(18,
19) As a consequence of these entry-window-related effects, the effi-
ciency for low energy photons can be reduced. The events lost from
the photopeak can then appear in a continuum background below the full
energy peak where they reduce detectability and interfere with spec-
tral analysis.

Simitarly, secondary electrons or photons originating from the
photoelectric absorption events which occur initially in the active
volume can escape. This results in a collected charge pulse of reduc-
ed amplitude. An easily observed manifestation of this involves the
observation of discrete escape peaks in the spectrum. These are

associated with the loss of a characteristic Si or Ge x-ray from the
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active volume which produces a distinct peak in the spectrum at an
energy the appropriate amount below the full energy peak. Continuous
loss processes involving electron escape can also occur although the
probability is small. These and related mechanisms which re@uce the
amplitude for a given event can lower the photopeak efficiency rela-
tive to the simple model described. There have been studies in which
the efficiencies of Si(Li) and Ge have been carefully measured using
‘calibrated sources of x-rays spanning the energy region of inter-
est.(20,21,22) These 1indicate that the maximum intrinsic photopeak
efficiency is reduced by a few percent relative to the curves shown in
Fig. 7 and is slightly higher at the upper energy cutoff than calcu-
lated. These results substantiate the overall validity of the simple
photoelectric absorption model but demonstrate the 1limitations if
precise results are required. For most quantitative applications of
EDXRF, it is not necessary to explicitly determine the photoelectric
efficiency function since it 1is included in the overall calibration
factor of the instrument.

D. Detector Background

Although artifacts associated with the partial collection of the
photoelectric signal have a small effect upon the efficiency of the
spectrometer, these processes can have far more serious consequences
on analytical sensitivity through their effect upon spectral back-
ground. In cases where photon excitation is employed to induce fluor-
escence, there exist competing physical processes where the incident
photons are scattered from the sample 1into the detector with very

1ittle loss in energy. These effects are particularly severe in trace .
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analysis applications where the number of matrix atoms which produce
scatteringvis large compared to the number of fluorescence atoms. 1In
these cases the major feature in the spectrum is a composite scatter
peak consisting typically of a coherent and incoherent contributions.
The effect of incomplete charge collection of these events is to pro-
duce a continuum of events at lower energies in the spectrum. These
background events can then interfere with the measurement of lower
energy fluorescent x-rays as shown in the schematic spectrum of
Fig. 8. 1In this figure, the fluorescent x-rays are shown superimposed
on a continuum background whose amplitude is proportional to the area
of the composite coherent/incoherent scatttering peak at 17 kev. This
background is the 1imitiﬁg factor in establishing the statistical
accuracy in the determination of trace quantities.

Studies designed to reduce the source of this continuum background
have indicated that in addition to fundamental x-ray and electron
energy loss processes, a more significant background resulting from
incomplete charge collection from the detector active volume is nor-
mally the dominant contribution.(23,24) This process is an artifact
of the detector operation in which the collection of the free charge
from the depleted volume is inhibited due to non-uniformities in the
applied electric field associated with edge effects at the periphery
of the cylindrical detector. The impact of this process on the qual-
ity of the spectrum can be reduced either by external collimators
which prevent the incident radiation from interacting in the periphery
of the device or by internal electronic collimation brought about by

the use of a quard-ring structure.
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E. Count Rate Performance

In many applications involving x-ray tubes or synchrotron sources,
the available excitation intensity is sufficient to dinduce pulse
counting rates which exceed the capabilities of the semiconductor
spectrometer system. It then becomes necessary to reduce the excita-
tion intensity or decrease the solid angle viewed by the detection
system. Under most analytical applications, optimum performance is
achieved when maximum throughput of events is maintained, although
there are specialized applications where this is undesirable.

The count rate 1imitat10ns_associated with a semiconductor spec-
trometer are an inherent property associated with the finite pulse
processing time réquired by the electronic shaping network. When a
random sequence of pulses is incident on the detection system, -some of
the events cannot be processed without ambiguity. 1In order to appre-
ciate the fundamental nature of this limitation and its relationship
to system performance, some elementary concepts of electronic pulse
processing must be considered.

Figure 9 illustrates the time sequencé of pulses which occur at
various stages in the pulse processing chain. Trace a) shows the
output of the charge integrating preamplifier. The steps at times 1,
2,and 3 represent the charge integrals of discrete events. Traces b)
and c) are the outputs of the fast (short shaping time) amplifier and
an associated discriminator which serves as a timing marker for the
individual events. The main shaping amplifier output is shown as the
gaussian pulse shapes in trace.d). For each event, a total pulse

processing time (neglecting amplitude-to-digital conversion in the



-17 -

pulse height analyzer) of Ty is required after the arrival of the
pulse before the system is ready to accept the next event.

Although the average counting rate detected by the system can be
well below the frequency defined by the reciprocal of the pulse width
Ty the fact that the events are statistically uncorrelated
implies that the events are not uniformly distributed in time. There
then exists a probability that two pulses will occur within the same
processing time interval. This dis 1illustrated by the overlap of
pulses 2) and 3) in the trace.

At low average counting rate this overlap is not a limiting fac-
tor. However, as the average counting rate increases, a point is
reached at which there is a significant probability that a second
event will occur before the first has been fully analyzed. If the two
events occur within a time less than the shaping time of the amplifi-
er, the charge signals are indistinguishable and an erroneous "pile-
up" energy signal will result.

Modern spectrometers employ some form of rejection circuitry in
order to eliminate these pile-up events from the pulse height spec-
trum. Typical systems rely on the inspection of the fast discrimina-
tor output to determine if two pulses have occurred in rapid succes-
sion. Appropriate logic is then employed to gate the output of the
processor in order to eliminate the resultant ambiguous energy sig-
nals. This is shown in e) and f) where the logic signal causes the

output to be inhibited in the case where the pulses overlapped to

produce an ambiquous energy output. Since the fast shaper which
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generates the discriminator output has inherently poorer energy reso-
lution relative to the slow channel, the pile-up rejection circuit is
limited in the minimum energy pulses which it can detect. However, in
typical photon-excited EDXRF where the major fraction of pulses occur
from scattered high energy radiation, a pile-up rejector system is an
important feature in the system design.

The pileup probability is obviously a function of the characteris-
tic shaping time rp which 1in turn establishes the effective dead
time of the system. This probability is independent of the details of
the specific type of pile-up rejection circuit used to eliminate the
ambiguous events. The number of events which experience pile-up and
which are eliminated from the spectrum can be estimated fof the case
of a totally random arrival distribution. For a series of events
which are randomly distributed in time with an average frequency No’
the probability P that no pileup events occur within a characteris}ic
time + after a given event can be expressed as:

(5)

From this expression, we can calculate the fraction of events which
are transmitted through the system. Figure 10 is a plot of non-pile-
up output rate vs. input rate expressed in terms of a characteristic
pulse processing time. The input rate for which the output rate is a
maximum is seen to be the reciprocal of the shaping time. The output
rate at this point is a factor of 1/e less. It should be emphasized
that this behavior is ‘a fundamental consequence of random arrival

statistics and a finite measurement time. However, one should be
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aware that it is always possible to reduce the characteristic procés—
sing time in order to achieve an increase in counting rate at some
sacrifice in energy resolution. For example, a typical pulse peaking
time of 10 us would imply a dead time of 20 us and a maximum
output rate of 18.4 kHz. If"one were willing to sacrifice electronic
resolution by reducing the shaping time to 2 us peaking time, a
maximum rate of 92 kHz would be possible. According to Fig. 5, this
tradeoff would result in an increase in electronic noise from 100 eV
to approximately 160 ev. If the application involved the detection of
high energy x-rays, this compromise might be advantageous. |

Although different algorithms can be used to correct for events
lost to pile-up, there is no way to eliminate the effect through
passive pu1§e processing.(25,26,27) Since different manufacturers of
x-ray equipment vary in their approach to pile-up rejection, it_is
important to evaluate the throughput of the system using a variable
intensity source of radiation. The input rate can be determined by
scaling the fast discriminator output. The output rate can be simul-
taneously measured in the pulse height analyzer. A plot of non-pileup
output rate vs. input rate can then be generated and compared to the
ideal case shown in Fig. 10.

In cases where the excitation source can be switched off in a time
interval which is short compared to the characteristic pulse proces-
sing time, it is possible to increase the average output counting rate
by eliminating the effects of pile-up. Such pu)sed excitation systems
rely on the ability to detect an event in the fast channel and to shut

off the excitation before a second pile-up event can occur. In this
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mode of operation, the output rate can equal the input rate up to the
point where the system is continuously busy, i.e., N =1/t. This
method of pile-up control has been implemented in several laboratories
using pulsed x-ray tubes, particle accelerators, and electron probe
beams. (28,29,30,31) In addition to dincreasing the maximum output
counting rate, this method has the secondary advantage of reducing
effects of heating in either the x-ray tube anode or the ion beam
target since the excitation is turned off during the pulse processing
interval.

Finally, it should be pointed out that there is a very important
class of measurements in which the optimum counting rate is not
achieved with maximum throughput. These are experiments such as
fluorescence extended x-ray absorption fine structure (EXAFS) in which
modulation of the x-ray yield is the quantity of interest.(32) Refer-
ring to Fig. 10, it is apparent that, at the maximum output rate, the
slope is zero and, consequently, any modulation in the input rate will
not affect the output rate. For EXAFS and similar applications, a
lower input rate corresponding to a slope nearer unity is recommended.

F. Dead-Time Correction

The presence of pulse pile-up must be considered in any system
designed for quantitative measurements since it causes the efficiency
with which pulses are processed to be rafe dependent. EDXRF analyti-
cal systems are designed to correct for this discrepancy through a
variety of approaches. The most straightforward involve the use of a
live-time clock consisting of a gated oscillator ‘and scaler. The

oscillator clock s turned off when the system 1is busy processing
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pulses so that the duration of the measurement in terms of a live-time
interval is corrected for those periods when the system is incapable
of processing a pulse. Alternative methods rely on the direct mea-
surement of the fast discriminator pulses in order to keep track of
those events which were missed. An additional correction is added to
compensate for those intervals in which pile-up is occurring.(33,34)

A simple empirical method for correcting for dead-time losses is
to measure the ratio of input to output counts as a function of input
rate over the range of values normally encountered. Subsequent analy-
ses require that the input rate be measured for each experiment. The
live-time correction can then be applied using the previously measured
curve.

Since all live-time correction methods have some limitation on the
range of counting rates over which they can be used, it is imhortant
that methods be devised to evaluate the precision with which such
corrections are generated. A carefully prepared series of standards
of varying concentrations represents a direct approach. A potentially
more precise method involves the use of a single thin-film standard.
Variable mass targets are placed behind the standard to vary the total
counting rate over the range of interest. If the wvariable mass
target is chosen so that the variable intensity of scattered or fluor-
escence radiation does not induce fluorescence in the thin-film stan-
dard, the measured intensity of fluorescence from the standard should
be independent of total counting rate. The ability of the dead-time
correction system to compensate for pile-up can then be empirically

evaluated.
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G. Low Enerqy X-Ray Detection

The efficiency curve shown in Fig. 7 illustrates that for conven-
tional EDXRF measurements the absorption of fluorescent x-rays in air
and in the Be entry window limits the accessible energy range to
greater than 2 keV. This lower 1imit also corresponds to the energy
range where other measurement artifacts associated with x-ray absorp-
tion such as matrix and particle size effects become significant. As
a consequence, the necessity of a Be window to maintain vacuum inte-
grity between the cryostat enclosure and atmospheric pressure does not
constitute a serious limitation for most analyses. However, there do
exist applications 1in which the detection of x-rays with energies
below 1 keV becomes necessary particularly in microbeam analysis. It
is therefore of interest to explore the fundamental limitations which
semiconductor detector §pectrometers exhibit in terms of subkilovolt
x-ray detection.

If one neglects external sources of x-ray absorption, then the
low-energy efficiency of a semiconductor detector is determined by the
effective thickness of the entry window on the diode structure. This
window is comprised of an evaporated contact used to form the rectify-
ing Schottky barrier and a thin surface layer of inactive semiconduc-
tor material from which charge-cannot be collected. The thickness of
evaporated material, normally Au, can be determined by direct mea-
surement during the manufacturing process and is typically in the
range of 100 R effective "dead layer" of semiconductor material is a
more complicated parémeter to determine. Empirical studies which have

attempted to measure the absorption inherent in the semiconductor
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surface layer have established that the effective thickness is deter-
mined to a large extent by the absorption length of the low energy
photons and the charge transport characteristics of the associated
jonization products. In the simplest model, there exists a competi-
tion between the rate of diffusion of the electron-hole distribution
against the gradiant of the applied field. For distances near the
entry contact, a part of the charge can diffuse into thé contact and
be lost to the signal before the electric field can sweep it to the
opposing electrode. This loss of charge can be interpreted as the
consequence of an effective "window" of typically 0.2 um. Since
this 1is an inherent charge transport property, it 1is not easily
influenced through surface preparation of the semiconductor device.
Figure 11 shows calculated efficiencies for the subkilovolt region
assuming the typical values discussed above.(35) Absorption of both
Au and Al contacts are jllustrated as possible alternative choices for
evaporated contact material. The results show that it is possible to
measure x-ray energies down to the limits imposed by the noise of the
counting electronics. Experiments have demonstrated the detection of
x-rays as low as the k-alpha of Boron at 190 eVv.(36,37)

In order to perform experiments at these low energies, it is
obviously necessary to operate the system without the Be window inter-
posed between sample and detector. This is typically done'by includ-
ing the sample and excitation source in the same vacuum enclosure as
the detector. This 1introduces additional problems such as potential
contamination on the detector window and the effect of low energy

photons, i.e., optical fluorescence, on the detector output. Several
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methods have been devised to address these problems involving the
insertion of thin barriers between detector and sample within the same
vacuum system. Because of the short mean free path of subkilovolt
x-rays 1in any medium other than vacuum, the use of semiconductor
detectors for the detection measurement of 1light elements remains
largely limited to electron probe applications where the vacuum system
is an inherent component of the measurement system and where the

excitation process favors low atomic numbers.

I11. X-Ray Tube Excitation

X-ray fluorescence using photons as an excitation source for
inducing inner shell ijonizations in the sample atoms is perhaps the
most widely used method for EDXRF. Photons have the advantage of
being readily available from either radioisotope sources or X-ray
tubes. The mean free path of x-rays in the energy range of interest
for chemical analysis is sufficient so that operation of the spectro-
meter in air is possible. Finally, the interaction of x-rays with the
sample material is well understood and relatively insensitive to the
chemical state of the specimen. 'It is thus possible to perform analy-
ses with a minimum of sample preparation and with little concern for
unknown matrix artifacts. A major disadvantage of photon excitation
is the 1imited flux available from conventional sources and the diffi-
culty in forming focused beams. However, with the increasing avail-
ability of synchrotron sources these latter objections are becoming
less serious at least in large research laboratories where access to

such facilities is possible.
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Photon excitation with x-ray tubes continues to be the most prac-
tical method for routine EDXRF analysis. Compared with radioisotopes,
the flux available with a typical low power x-ray tube is sufficient
to provide for maximum counting rates for most applications. It is
also possible to fluoresce secondaryvtargets in order to generate high
intensity fluxes of characteristic x-rays for monochromati; Aexcita-
tion. In contrast to a synchrotron source, the cost and size of a
tube-excited system is consistent with operation in a typical analyti-
cal laboratory. In the following section the general features of
x-ray tube excitation will be discussed and the relevant paraméters
determining the choice ﬁf'excitation options will be described.

A. X-Ray Tube Design

The basic elements of an x-ray tube excitation system are shown in
Fig. 12. The x-ray tube consists of a vacuum enclosure containing an
electron source and target anode. A thin window is mounted 1in the
vacuum wall to allow the x-rays to exit the tube enclosure. Commer-
cial tubes are typically manufactured from glass although metal tubes
with glass or ceramic electrical insulators are common.(38) The exit
window is typically a thin mica or Be foil. The electron beam is
generated using a thermionic cathode and is accelerated toward the
anode by an electrostatic potential of 30 to 100 keV typically. In
most applications the accelerating voltage is achieved with the anode
assembly at ground potential with the insulated cathode assembly at
the appropriate negative high vo]tége. This configuration is general-

1y preferable since the thermal power generated in the anode by the
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high energy electron beam can be more easily dissipated at ground
potential.

The tube structure shown in the figure also has a control grid
which can be used to modulate or pulse the emission current. This can
be used to modulate the electron. beam current in order to ensure
constant output of radiation from the ?ube in DC operation or it can
be used to rapidly switch the tube on and off for pulsed operation.
In tubes without control grids, the output of the tube is maintained
constant by requlating the temperature of the thermionic cathode.
Reproducibility of analytical results is achieved for tube excitation
by operating for a measured amount of time at a fixed emission current
(DC operation) or for a fixed amount of integrated charge (pulsed
operation). This approach depends upon the reasonable assumption that
the total output x-ray flux is proportional to the number of electrons
striking the anode.

The spectrum of x-rays produced in the anode is a continuum of
energies upon which is superimposed the characteristic emission lines
of the target material. The continuous x-ray "Bremsstrahlung" spec-
trum is the result of the sTowihg down of the electrons through inter-
actions with the nuclear charges of the target atoms. This x-ray
spectrum ranges from the lowest energies which can escape the anode
target up to a maximum energy equal to the electron beam voltage. The
characteristic x-rays are generated either through direct ionization
of the target atoms by the incident electrons or through secondary
excitation by photons in the high energy contindum. Figure 13 shows a

schematic spectrum obtained from an x-ray tube with a Mo anode
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(k-absorption edge at 20 keV) operated at 60 kV accelerating voltage.
The step in the continuum distribution indicates the effect of self
absorption by the target mater%a1 for x-ray energies above the absorp-
tion edge.

The x-ray spectrum emitted by‘the anode can be used in any number
of excitation and detection geometries. In Fig. 12 the beam marked
(1) represents the configuration used for direct excitation of the
sample by the x-rays emitted from the anode. A thin x-ray filter
(typically the same element as the anode material) is used to prefer-
entially transmit the characteristic x—rays generated in the anode.
This configuration has the advantage of providing the most efficient
use of the photons generated at the anode but has the disadvantage of
lack of flexibility in choice of excitation energies.

In the second option shown, the sample is replaced by a secondary
target whose characteristic x-ray spectrum is excited by the direct
tube 6utput. These x-rays are then incident on the sample. This
geometry has the advantage of flexibility in the choice of excitation
energies but does not make efficient use of the output flux. The
total system efficiency is prbportiona] to the product of the solid
angle of the secondary target with respect to the anode times the
solid angle of the sample with respect to the secondary target.
“Excitation geometries which make use of secondary targets must be
carefully designed to achieve close coupling between the respective
components without excessive scattering of direct, unfiltered radia-

tion into the detector.
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The third option is a variant of direct excitation in which the
transmission of the x-rays through the anode itself is used to filter
the continuum radiation. This method has certain advantages in the
design of compact geometries particularly if the thin film anode is
incorporated into the exit window. However, this design is limited in
the amount of anode power dissipation which can be achieved in the
anode structure.

In any of the excitation options chosen, the maximum flux avail-
able is limited by the amount of power which can be dissipated in the
anode structure. X-ray tubes can be roughly classified according to
the type of anode cooling employed. Low power x-ray tubes are typi-
cally air cooled and operate at a maximum of 100 watts at the anode.
Tubes with water cooled anodes operate at 1000 watts. Rotating anode
tubes can achieve 10 kilowatt dissipation. For a 50 kV anode poten-
tial, these ratings correspond to anode currents of 2, 20, and 200 ma
respectively.

The yield of x-rays per incident electron is small since the
majority of energy loss processes result in jonizations in the outer
shell electrons from which 1ittle useful x-ray flux is derived.
Calculations of the yield of characteristic and continuum photons for
the case of typical anode materials is a difficult task since the
details of the electron energy loss process and x-ray transport pro-
perties can be extremely complicated. However, for the purpose of
acduiring order of magnitude estimates of total yields, approximate
calculations can been made.(39,40,4)) These are summarized in Table 2

for a number of anode materials. A convenient number to remember when
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estimating fluorescent intensities of x-ray tube sources is that the
the conversion efficiency for electron flux to either characteristic
or continuum x-rays 1is approximately 1 x 10—5 photons/electron when
the electron energy is three times the K shell binding energy of the
anode material.

The choice of three times the K-shell binding energy is a recom-
mended operating point for most applications in which the characteris-
tic x-rays are the dominant source of excitation. For lower beam
energies, the intensity of characteristic x-rays resulting from direct
electron excitation has been calculated to vary as the 3/2 power of
the applied anode voltage.(32) For beam energies much above the
recommended value, the depth of penetration of the electron beam is
sufficient that excessive x-ray absorptidn can occur. For secondary
target systems, the voltage dependence is more complicated since it
involves both the properties of the anode material and the secondary
targets. Measurements performed using a Tungsten anode tube with a Mo
secondary target have indicated the x-ray yield varies approximately
as the square of the applied tube voltage.(42) In either case, it is
important to realize that the excitation efficiency is affected by the
beam voltage and that appropriate precautions must be taken to stabil-
ize the applied voltage, particularly under variable current loads.

The choice of x-ray tube or excitation geometry is dictated large-
ly by the analytical applications. For thick samples with heavy
element matrices, maximum count rates can easily be achieved even with
Tow incident excitation fluxes such as those obtained from a low power

tube or an inefficient secondary target arrangement. For thin films
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or trace element studies, more intense excitation fluxes are requir-
ed. Finally, in specialized applications such as microbeam analysis,
Jow background secondary target systems with inefficient geometries,
or polarized scattering excitation(43,44,45,56), the elaboration of a
rotating anode tube may be warranted.

For the majority of EDXRF applications, monochromatic x-rays (or
nearly monochromatic characteristic x-rays) provide the most sensitive
source for fluorescence excitation. This is because the maximum effi-
ciency for photoabsorﬁtion in any given element is realized for inci-
dent energies immediately above the absorption edge of the particular
element and decreases rapidly for higher energies. Furthermore, the
flux of photons with energies below the edge produces no excitation
but can interfere with the measurement of the fluorescent x-rays in
the energy dispersive semiconductor detector. As a practical matter,
the energy of the monoenergetic excitation is chosen sufficiently far
above the absorption edge. Radiation which is elastically and inelas-
tically scattered from the matrix does not overlap the photopeaks of
the fluorescent x-rays.

Figure 14 shows the calculated efficiency for the production of
inner shell vacancies for incident photon energies corresponding to
three typical secondary target materials. The steep slope exhibited
for atomic numbers below the maximum for each energy and the corres-
pondingly narrow range of elements accessible for any oné excitation
energy demonstrate the desirability of multiple secondary targets for

EDXRF.
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Figqures 15 and 16 illustrate the use of multiple excitation ener-
gies for the analysis of an air pollution sample consisting of a thin
deposit of fine particles (diameter less than 2 um) which have been
collected from the ambient aerosol. The spectra were acquired using
Mo K (17.4 and 19.6 keV) and Sm K (39.9 and 45.6 keV) secondary tar-
gets for excitation. The data are normalized to represent equal
number of incident photons in each case. Note the order of magnitude
difference in the vertical scale between the two spectra. Typical
elemental concentrations (ng/cmz) measured on this particular thin
sample are: S = 15000, Fe = 2900, Cu = 60,Sr = 370, SB = 230 and B8a =
500. The Ta lines observed in the Sm excited spectrum are the result
of collimator fluorescence.

For casés where optimum sensitivity for the detection of trace
quantities is not necessary, the option of employing continuum excita-
tion for uniform analytical sensitivity can be exploited. In this
case, the fluorescence intensity does not depend strongly upon the
energy of the absorption edge since a more or less continuous spectrum
of excitation energies is available. However, since there also exists
a continuum of energies available for scattering from the matrix, the
minimum detectability for any element is reduced. An exception to
this rule is for the case of the analysis of very light elements
(Z < 20) where the additional flux together with the improved ratio of
photoabsorption to scattering cross sections, combine to provide

improved sensitivity for analysis even with continuum excitation.
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1v. Applications of Tube-Excited X-Ray Fluorescence

Among the variety of implementations of EDXRF, tube excitation is
probably the most versatile and most widely applied. The size and
cost of a facility 15 appropriate for use in typical analytical labor-
atories and relatively high excitation fluxes can easily be achieved.
For example, a 1 ma current in a typical x-ray tube produces the
equivalent flux of a 500 Curie radioactive source. This excitation
intensity is adequate to provide for analysis times of the order of 15
minutes duration even when secondary target geometries are employed.
Although the stability of an x-ray tube cannot approach that of radio-
jsotope sources, analytical precisions of 1% or less can typically be
achieved for most tube-excited EDXRF applications.

Although radioisotope sources are limited in many applications due
to lack of intensity, there are situations where they can be used to
advantage. They can be designed for use in very compact geometries
which compensates for the lower intensity. They are often used for
portable EDXRF equipment where stringent power requirements must be
met. Also, the range of energies available with radioisotope sources
js not constrained by high voltage engineering considerations. Radio-
jsotopes with characteristic emissions of 50 - 150 keV can be employed
in conjunction with HPGe detectors to study the fluorescence from
higher atomic number elements.

Recently, the use of synchrotron sources has become more exten-
sively studied in EDXRF applications. Synchrotron emissions have the
advantage that they are extremely intense, highly collimated, and

polarized perpendicular to the beam direction. The ability to select
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polarized perpendicular to the beam direction. The ability to select
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a tunable band of wavelengths can be exploited to provide a near ideal
excitation source which can provide excitation for small samples
either directly or in a focusing geometry. The use of radioisotope
and synchrotron sources are discussed in other chapters in this volume.

In the following section we discuss several analytical applica-
tions in which. the use of x-ray tube-excited EDXRF has been prominent.
In most cases the analysis could have been performed using alternative
EDXRF procedures with appropriate consideration for differences in
source intensity and counting times. In particular, when discussing
sensitivities for tube-excited EDXRF, we choose as a typical analysis
time interval 100 to 300 sec. Most photon-excited EDXRF analysis have
in common much of the sample preparation, data acquisition, calibra-
tion and spectral analysis procedures. These are also the subjects of
subsequent chapters.

A. Analysis of Liquids

Samples in the 1liquid form are homogeneous for XRF elemental
determinations. For some industrial processes, the analysis of solu-
tions is achieved using flow cells through which the concentrations of
specific elements are closely monitored. These analyses can include
the determination of trace and minor constituents of atomic number
elements (Z > 14) in oils, gasolines, and aqueous solutions. If one
or more characteristic x-ray lines from major or minor constituents do
not completely dominate the spectrum, detection limits in the range of
1 to 10 ug/g can often easily be realized. Shown in Fig. 17 is a
‘spectrum acquired from NBS SRM 1634 Fuel 0il. The element concentra-

tions listed are in ug/g. The spectrum was acquired during a five-
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minute count interval using excitation radiation from a low power Mo
x-ray tube with external Mo filtering.

Sufficient sensitivities or selectivities often are not attainable
to permit the direct determination of the elements in liquids. In
these cases, the use of preconcentration procedures are required to
reduce the matrix scattering. Some approaches that have been under-
taken for the preconcentration of trace elements in waters and solu-
tions include 1) evaporation, 2) precipitation of the desired elements
followed by collection on a suitable thin substrate, 3) the applica-
tion of cation and anion exchange resins and ion-collecting filters,
4) adsorption of elements onto activated carbon, and 5) chelation with
subseddent sorption or solvent extraction. Most of the above
approaches are capable of forming thin-film samp]es' that are well-
suited for multielement XRF determinations.

Preconcentration of elements by evaporafion is an ideal approach
in only limited cases. Often one or more elements such as sodium,
calcium, or iron are present at much higher concentration levels than
the desired elements to be determined. . Evaporation can yield to
fractional crystallization which, 1in turn, causes microscopically
inhomogeneous residues. Furthermore, matrix effects may be consider-
ably amplified. For relatively high purity liquids; a Mo high power
x-ray tube has been used with a 0.4 mm x 0.8 mm optical focus to
measure picogram quantities of trace elements.(47) A 50 ul portion
of the liquid is dried on 4 um polypropylene film for analysis.

Many elements in natural waters arequganical1y bound in a variety

of oxidation states. Pretreatment of the waters is then required
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prior to preconcentraion. Also, for many waters, the concentrations
'of specific elements such as the alkali and alkaline earth elements
are many orders of magnitude greater than the desired trace elements
to be determined. Careful consideration must be given to approach
undertaken to concentrate the e]emehts. Ideally, the preconcentration
procedure utilized should discriminate against the collection of the
elements present at high concentrations so that high collection effi-
ciencies can be realized for the desired trace elements.

Much of the early work on the precipitation of groups of elements
for XRF determinations was done by Luke.(48) Extensive schemes for
both general and selective precipitation of metal ions using a variety
of reagents have been presented. Quantitative precipitation of a
number of elements as a uniform deposit on thin filter substrate as
achieved by the addition of a coprecipitant which served as a carrier.
One reagent that was useful for the coprecipitation of a broad range
of elements was sodium diethydthiocarbamate (carbamate). Dibenzyl-
dithiocarbamate has a very Tow solubility in water and eliminates the
need for a metal carrier. Near quantitative recoveries of Mn, Fe, Co,
Ni, Cu, Zn, Se, Ag, Cd, Hg, T1, and Pb have been demonstrated in a
variety of water samples.(49) Detection limits of 1 - 5 ug/1 for
100 m1 samples were realized.

Anion and cation exchange resins also have been used to preconcén-
trate elements from aqueous solutions for XRF determinations.(50) The
analysis of seawater for trace elements presents a particular chal-
lenge because the ratio of the major cations (Na, K, Ca, and Mg)

exceeds the trace element content by a factor of 109. To overcome
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exceeds the trace element content by a factor of 109. To overcome
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the problem of the relatively low exchange capacity of resin-loaded
filter papers, an indirect approach has been used for the analysis of
Mn, Ni, Cu, 2Zn, and Pb at the 1 - § ug/1 level.(51) A liter of
seawater was initially passed through a Chelex-100 resin column. The
trace metals were eluted from the resin column with a HNO3 acid
wash. The eluate was evaporated and heated to sublime the ammonium
salts. Subsequently, the trace metals were taken into solution with
acid and the metals were collected on SA-2 resin-loaded filter papers.

Preconcentration methods employed for the determination of trace
elements in water by x-ray fluorescence have been reviewed by several
Authors. (49,52, 53) A wide variety of preconcentration methods is
discussed and optimum conditions are evaluated. Some of the methods
can be used for the preconcentration of certain metals when they are
present in specific oxidation states only.

Preconcentration procedures employed for biological fluids include
evaporation and lypholization. Also, dry and wet ashing techniques
are utilized when further preconcentration of trace elements s
required.

B. Analysis of Solids

X-ray tube systems are used for the determination of major, minor,
and some trace elements in metals, alloys, steels, catalysts, and
chemical compounds. In many cases, count rate limitations are easily
imposed on the semiconductor detection system by high x-ray intensi-
ties from major or minor element constituents. This, 1in turn, can
dictate sensitivities that are attainable. In some éases, the use of

x-ray absorbing filters, placed between the sample and the detector,
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can be used to preferentially reduce high intensity signals from major
elements. This condition exists when major elements give rise to
x-rays lower in energy than the desired weak highér energy signals.
The use of photons provided by selected secondary targets whose fluor-
escence x-rays are not of sufficient energy to excite characteristic
x-rays from some of the major constituents is often a good approach to
improve analytical sensitivities. In the direct excitation mode, this
same effect can also be achieved to some degree by optimization of the
x-ray tube voltage chosen. For the determination of lower atomic
number elements in alloys, highly polished sample surfaces are requir-
ed. For many elemental determinations, high precisions are easily
achieved.

A number of papers have been published regarding the use of x-ray
tube excitation for broad range multielement determinations for sedi-
ments, clays, soils, minerals, cements, ores, and flyash. In some
cases, pulverization and pelletization is the only sample preparation
technique used. For the accurate determination of major elements
(Na-Fe), the pulverized samples are usually fused with lithium meta-
borate-tetraborate mixtures or some similar type of mixtures. The
resulting glass samples are homogeneous for the determination of the
lower atomic number elements. Optimum conditions for the determina-
tion of both major and trace elements in silicate rocks have been
developed.(54) Excitation radiation is provided direct]y by a pulsed
low power Ag anode x-ray tube. Measurements are carried out in
vacuum. The x-ray tube is operated at 10 kV for the determination of

the elements Na to Fe in fused glass discs. Pellets prepared from
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pulverized rock material are used for the determination of the trace
elements. For these later measurements, an external Ag fi]ter is
employed and the x-ray tube is operated at 45 KV. The use of the Ag
filter substantially enhances the signal-to-background ratios realiz-
ed. A high degree of accuracy and precision is achieved for a wide
range of major and trace elements. Limits of determination for many
trace elements are in the range of 4 - 10 ug/g.

Tissues, plant materials, dried biological fluids are generally
pulverized prior to analysis. In some cases, small quantities of the
samples are spread on a thin substrate and the inelastic Compton
scattered radiation intensity is used as a measure of the sample mass
in the beam path. For the accurate determination of a broad range of
trace elements, the pulverized samples are pressed into thin pellets.
Sensitivities in the range of 0.5 - 10 ppm are often realized for
higher atomic number elements (Z > 20) using count intervals of ten
minutes or less. Using a low power Mo x-ray tube, a total of 22
elements were measured in light element matrices.(55) Results ascer-
tained for NBS SRM 1571 Orchard Leaves are listed in Table 2. When
x-ray counting statistics are not the limiting factor, results deter-
mined for many biological samples are typically accurate to within
+ 10%.

Multilayer thin films, coatings, and air particulates collected on
thin substrates are analyzed directly. Generally, two to four excita-
tion conditions are chosen to achieve high sensitivities for a broad
range of elements. Included with these excitation conditions is the

use of transmission filters or secondary targets. Maximum signal-to-
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background ratios are realized if the materials are collected on very
thin low atomic number substrates (Z < 10), and if the samples are
analyzed in vacuum or within a helium atmosphere. Using an x-ray
spectrometer that employed a W-anode pulsed tube and three secondary
targets, high sensitivities have been achieved for the analysis of
aerosols collected on filters of mass <1 mg/cmz.(42) Samples are
analyzed in a helium atmosphere. Table 3 1lists the detection limits
for 34 elements determined with this system.

V. Summary |

The techno1ogy which makes chemical analysis with EDXRF practical
is based on the use of semiconductor X-ray detectors and associated
pulse processing and data acquisition electronic components. The
present chapter has attempted to explain to the analyst the basic
concepts behind the operation of these components and the manner in
which they influence overall system performance. The tradeoffs which
one must make between parameters such as detector resolution, count
rate, excitation efficiency and other design variables determine - how
effectively one can tailor a given instrument or experimental appara-
tus to a specific application. Furthermore, a thorough understanding
of the factors which 1imit performance should enable one to implement
experimental tests to determine the effectiveness of a particular

approach and evaluate various commercial options.
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Figufe Captions

1)

2)

3)

4)

5)

6)

1)

Basic elements in EDXRF measurements. a) The exciting radiation
creates vacancies in the inner shells of the sample atoms. The
characteristic x-rays which are emitted are bbserved by the energy
dispersive detector. b) A schematic of the fluorescence process.
Cross section of a typical Si(Li) detector showing evaporated
electrode contacts and active volume. HPGe differs in that the
bulk is formed by high purity Ge which does not require the com-
pensation of electrically active centers by lithium drifting.

Pulse height spectrum of Mn K x-rays obtained with a Si(Li) energy
dispersive detector. The pulser peak is acquired simultaneously
as an indicator of the electronic component to energy resolution.
Simplified schematic diagram of a typical pulse processing system
used for energy dispersive detectors.

Relative contribution of electronic noise sources to the total
electronic resolution as a function of the characteristic time
constant of the pulse shaper. NSZ “is the component associated
with fluctuations in the detector leakage current; NA2 is due to
leakage currents in subsequent amplification stages. The dashed
curve is the sum of the two.

Calculated total energy resolution vs. incident photon energy for
both Si and Ge detectors. Asymptotic values show resolution
limits assuming no contribution due to electronics processing.
Calculated photopeak efficiency for Si and Ge detectors as a

function of incident photon energy. The high energy limits are
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9)

10)

1)
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established by the photoelectric cross section of the detector
material and the diode thickness. Low energy cutoff is determined
either by absorption in the thin Be window or in a nominal 2 cm
air path from source to detector.

Schematic spectrum calculated assuming 17 keV excitation on a
carbon matrix with a typical contribution to the background due to
incomplete charge collection. Peak heights of elements are calcu-
lated assuming equal mass concentrations for each. Variation in
intensity is due to decrease in excitation efficiency of monoener-
getic excitation for lighter elements.

Timé-sequence of pulses which occur during the processing of a
series of x-ray events. Curve (A) shows the output of the preamp-
1ifier represented as a series of voltage steps reflecting the
jntegrated charge from the individual events. (B) is the output
from a fast shaping amplifier which operates with a shorter time
constant than the main shaping system. (C) is a fast discrimina-
tor timing pulse derived from (B). The output of the main.shaper
js shown in (D) with the pileup of pulses 2 and 3 indicated. (E)
shows the dead-time gates and (F) the final output with the ambi-
guous 2 and 3 pile-up pulses rejected.

Non-pileup output rate as a function of input rate scaled as a
function of a characteristic shaping time. Maximum output is 0.37
of the input rate equal to the reciprocal of the time constant.
Calculated efficiencies for the very low energy region showing the
1imits to efficiency determined by the entry window of the detec-

tor itself. Curves a) and b) show the absorption due to either an
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13)

14)

15)

16)

17)
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evaporated Al or Au layer of typical thicknesses required for
contacts. Curves c)and d) show the effect of an "intrinsic" Si or
Ge window.
Schematic diagram of an x-ray tube and typical excitation geome-
tries. The high energy electron beam strikes the anode to produce
x-rays. The flux (1) is either used directly to strike target
(1). In the second case, beam (1) strikes a secondary target
which generates a second flux of x-rays which strikes the sample.
In the third case, the direct beam (3) is directed through the
anode in a transmission geometry.
Schematic spectrum of x-rays emitted from a Mo anode operated at
60 keV.
Calculated probability for characteristic production of x-rays as
a function of target atomic number for three choices of incident
characteristic x-rays: Cu k-alpha at 8.0 kev, Mo k-alpha at
17.4 keV and Tb k-alpha at 44.2 keV.
Plot of x-ray fluorescence spectrum obtaihed using a Mo secondary
target excitation of a atmospheric aerosol sample.
Spectrum of aerosol sample shown in Figure 15 but acquired with a
Sm excitation. The Ta lines in the low energy region are due to

excitation of the collimator. Note the order of magnitude differ-

-ence in vertical scale.

Spectrum obtained from a NBS SRM 1634 1liquid fuel oil sample

using Mo excitation.



TABLE 1. Detector Properties of Silicon and Germanium

Atomic Number

Atomic Weight

Density (300 K); g/cm3
Band Gap (300 K); eV

Average Energy (e) per
Hole-Electron Pair (77 k); eV

Fano Factor (77 K)

a) Adapted from Ref. 7.
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2.33
1.115

3.76

0.12

a)

5.33
0.665

2.96

0.08
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TABLE 2. X-Ray Tube Anode Characteristics

Anode Characteristic Anode?@) ApproximateD)
Material Radiation _and Energy (keV) Voltage kV X-Ray Yield
cr K 5.4 18 2.0 x 107*
Cu X 8.0 217 2.2
Mo K 17.4 60 2.2
Rh K 20.1 66 2.3
Ag K 22.1 75 2.4
W L*) 8.4, 9.7 30* 1.5
Au L*¢) 9.7, 11.4 a0* 1.5

a) Anode voltage assume V = 3 x K or L absorption edge energy.

b) Expressed as total k-quanta per electron per steradian. Adapted
from Ref. 39.

c) The high z transits are often chosen because of the intense con-
tinuum radiation available. In these cases higher anode voltages

may be desirable.



Elemental Concentrations
(ug/g % 20)

Element XRF
Ti 18.0 + 8.5
v <8
Cr <5
Mn 86.5 + 4.9
Fe 274 + 19
Co < b
Ni 1.2 £ 0.5
Cu 11.5 + 1.0
Zn 25.3 £+ 2.
Ga < 0.5
Ge <0.4
As 10.1 + 0.8
Se < 0.3
Br 9.0 £ 0.5
Rb 11.5 + 0.6
Sr 36.3 + 1.3
Y <1
Zr. <3
Hg <1
Pb 40.7 + 3.0
Th <1

- 48 -

in

NBS

SRM 1571 Orchard Leaves

2.6 + 0.3
91 + 4
300 + 20
(0.2)
2.3 +0.2
12 £ 1

25 + 3

10 +2
0.08 £ 0.0
(10)

12 £
(37)

0.155 *+ 0.015

45 + 3

0.029 + 0.005
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TABLE 4. Minimum detection 1limits (ng/cmz) for Teflon filters in

helium atmosphere.

X-ray tube voltage (KV)
Secondary target

)

Time interval'(min)a

50
Ti

E]emént

Al
Si
S
C1
K
Ca

MOL
130
45
15
13
6

5

60
Mo

Element MDL

Ti
v

Cr
Mn
Fe
Ni
Cu
Zn
Ga
Ge
As
Se
Br
Rb
Sr
Hg
Pb

30
20
16
12
12

W N W W N NN WS O

70
Sm

Element MDL

r
Mo
Ag
Cd
In
Sn
Sb
Te

Cs
Ba

o o0 o0 v @

13
24
40

a) All three runs were normalized to an equivalent amount of dinte-

grated current in the pulsed x-ray tube.
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a) 0.01lym Al
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